The present study investigated the removal of arsenite anions (AsO 3 3À , referred to as As(III)) from aqueous solutions by waste litchi pericarps (LPs). Influential factors such as the adsorbent dose, contact time, solution pH, and initial As(III) concentration were investigated. The optimum conditions for As(III) adsorption by the LPs occurred at a contact time of 60 min, adsorbent dose of 10.0 g/L, solution pH of 5.0, and initial As(III) concentration of 1 mg/L. A Box-Behnken design with three variables (adsorbent dose, contact time, and solution pH) at three different levels was studied to identify the correlations between the influential factors and the As(III) adsorption; the results showed a significant interaction between the adsorbent dosage and pH. Additionally, adsorption isotherms, kinetics, and thermodynamics were investigated to explore the As(III) adsorption mechanism.
INTRODUCTION
Arsenic is a gray metalloid element with a relative atomic mass of 74.9261 and a relative density of 5.727. A highly toxic element, inorganic forms of arsenic are often present in water supplies (Uddh-Söderberg et al. ) . In natural waters, inorganic arsenic mainly exists in the form of arsenite (AsO 3 3À ) and arsenate (AsO 4 3À ) anions, here referred to as As(III) and As(V) (Uddh-Söderberg et al. ). Organic forms of arsenic mainly include monomethylarsonic acid and dimethylarsinic acid (Li et al. ) . According to the World Health Organization's hygiene standards for drinking water, an As content of more than 10 μg/L is considered to be harmful to the human body (Kumar et al. ) . The long-term ingestion of high arsenic levels can cause endemic arsenism, neuralgia, vascular injury, peripheral neuritis, and even cancer (Kim & Benjamin ; Camacho et al. ) . Arsenic contamination has become a worldwide environmental problem in recent years, affecting millions of people (Manning et al. ) . Many arsenic removal technologies have been developed, including those based on oxidation, ion exchange, adsorption, chemical precipitation, electrochemistry, and flocculation (Kumar et al. ) . As a front line of defense, selective adsorption is known as an attractive option for treating arsenic due to its efficiency and economic considerations (Kumar et al. ) .
For arsenic removal, many materials have been investigated for adsorption either on a sorbent surface or into the pores of the sorbent. Examples of such systems include magnetic multiwalled carbon nanotube (MWCNT)/iron oxide composites (Chen et al. ) , magnetic graphene oxide with high iron oxide loading (Guo et al. ) , Ce-Fe mixed oxidedecorated MWCNTs (Chen et al. ) , ferric-impregnated volcanic ash (Chen et al. ) , clay minerals (Haque et al. ) , goethite (Tang et al. ) , surface-modified carbon black (Borah et al. ) , mixed aluminum/iron hydroxides (Glocheux et al. ) , nanostructured iron/chromium mixed oxides (Basu & Ghosh ) , polymetallic sea nodules (Maity et al. ) , iron oxide-coated sand (Rahman et al. ) , ferrihydrite (Mähler & Persson ; Neupane et al. ) , and micro-and nanosized particles of various iron oxides (Basu & Ghosh ; Prasad et al. ; Liu et al. ) .
The annual output of Litchi chinensis in China is about 1.5 million tons (Ding et al. ) , which necessarily produces large amounts of litchi pericarp (LP) waste (accounting for more than 15% of the litchi's fresh weight). Our previous work indicated that LP exhibits high potential for adsorbing Pb(II) (Sun et al. ) , Cu(II) (Raj et al. ) , and malachite green (Zheng et al. ) . However, the adsorption capabilities of agricultural wastes such as fruit peels for arsenic adsorption are still hardly known.
As(III) is very difficult to treat because it is present in the circumneutral pH range of most surface waters. Thus, As(III) was selected as the removal target in this study (Wang et al. ; Kumar et al. ) . The main objective of this work was to investigate the feasibility of using LPs as an adsorbent for arsenite removal from solution, as a first significant step toward arsenite encapsulation/disposal. Initially, singlefactor tests were conducted to determine the main factors affecting arsenite adsorption by the LPs, and then a response surface methodology (RSM) was used to optimize the adsorption conditions. Finally, the adsorption isotherm, kinetics, and thermodynamics were investigated to discern the characteristics and mechanism of arsenite adsorption by the LPs.
MATERIALS AND METHODS

Preparation of adsorbent
The LPs in these experiments were washed sequentially with tap water and ultrapure water, and then dried at 70 W C to a constant weight. The dry LPs were ground and then sieved through a 60 mesh sieve. The resultant dried powders, referred to as LPs, were stored in a polyethylene bottle for later adsorption experiments. The specific surface area and pore volume of the LPs were measured at 77.3 K by N 2 adsorption/desorption using the Brunauer-Emmett-Teller (BET, Model 3H-2000PS1/2, Beishide Instrument-ST Co., Ltd, Beijing) nitrogen sorption technique.
Adsorption experiments
Single-factor experiments NaAsO 2 (AR) was used for As(III) in this experiment. A stock solution (1,000 mg/L) was prepared with ultrapure water and diluted to the desired concentration before use.
Influential factors were investigated in polyethylene centrifuge tubes (100 mL) containing 50 mL As(III) aqueous solutions. Adsorption was assessed using different amounts of LPs (1-20 g/L) with varying initial arsenite concentrations (0.01-100 mg/L) at 293.15 K. The pH (2.0-11.0) was adjusted using 0.1 M HCl and 0.1 M NaOH solutions. The polyethylene centrifuge tubes were shaken in a vertical temperature oscillation incubator at 220 rpm for 5 to 180 min. Subsequently, the suspensions were filtered through 0.45 μm cellulose acetate membrane filters. The filtrates were analyzed for As(III) in triplicate using a TAS-990 atomic absorption spectrophotometer (Beijing Purkinje General Instrument Co., Ltd). This instrument has a limit of detection for As(III) of 40.00 pg. According to a standard curve, the residual arsenic concentrations in the solutions were calculated. The arsenic removal rate and adsorption capacity were calculated using Equations (1) and (2):
where q is the adsorption capacity (mg/g), V is the solution volume (L), C 0 and C e are the initial and equilibrium concentrations (mg/L), respectively, and m is the adsorbent dose (g).
Box-Behnken experimental design
The Box-Behnken design is a type of statistical experimental design model used to generate response surfaces and optimize processes. An independent quadratic design, the Box-Behnken design does not contain an embedded factorial or fractional factorial design. In this design approach, the factor combinations are placed at the midpoints of the edges of the process space as well as the center. The designs are rotatable (or nearly so) and require three levels of each factor. Compared to central composite designs, the BoxBehnken designs are limited in their capability for orthogonal blocking. A Box-Behnken design with three variables (adsorbent dose, contact time, and solution pH) at three different levels was studied to determine the optimum conditions for adsorption and identify significant correlations between the effects of these variables and the adsorbed amount of arsenite anions. According to the Box-Behnken response surface optimization design, the center experiments were five parallel experiments. The relationships between the three factors at three coding levels and the experimental values are shown in Table 1 .
Analysis of adsorption mechanism
The adsorption process was analyzed through an adsorption isotherms study, as well as through adsorption kinetics and thermodynamics. As(III) solutions at concentrations of 0.01-100 mg/L were prepared for the adsorption isotherms study.
The Langmuir, Freundlich, Koble-Corrigan, and RedlichPeterson isotherms, shown in Table 2 , were plotted using MATLAB software for nonlinear fitting, and the corresponding parameters were calculated from the respective graphs.
The kinetics of As(III) adsorption was analyzed with pseudo-first-and pseudo-second-order kinetic models (Equations (3) and (4), respectively) for reaction times that were varied from 5 to 180 min.
Pseudo-second-order:
where q e and q t are the adsorption capacities at equilibrium and time t, respectively (mg/g), and k 1 and k 2 are the pseudo-first-and pseudo-second-order kinetic model parameters, respectively (g/(mg·min)). Finally, for the study of the adsorption thermodynamics, adsorption was conducted at 283.15, 293.15, and 303.15 K. The Van 't Hoff equation was used to perform the thermodynamics calculations (Glocheux et al. ) :
where ΔG is the Gibbs free energy (kJ/mol), ΔH is the enthalpy change (kJ/mol), ΔS is the entropy change [J/(mol·K)], T is the thermodynamic temperature (K), R is the ideal gas constant [8.314 J/(mol·K)], and k d is the thermodynamic equilibrium constant, which can be calculated using the following formula:
RESULTS AND DISCUSSION
Characteristics of the adsorbent
The surface area and pore volume of the LPs, as measured by N 2 adsorption/desorption using the BET technique, were Langmuir
q e is the equilibrium adsorption capacity, mg/g q m is the maximum adsorption capacity, mg/g K L is a constant related to the free energy of adsorption and represents the affinity of the adsorbate and adsorbent, L/mg C e is the equilibrium concentration, mg/L
K f is a constant indicative of the relative adsorption capacity of the adsorbent, L/g n is a constant related to the properties of the adsorption system q e and C e are the same as the parameters of the Langmuir model
RedlichPeterson
K R is a constant related to the adsorption amount, L/g a R is an empirical constant related to the adsorption capacity β is an empirical constant between 0 and 1 and implies the heterogeneity of the adsorption q e and C e are the same as the parameters of the Langmuir model
KobleCorrigan
a K is the Koble-Corrigan parameter, L/g b K is the Koble-Corrigan parameter q e and C e are the same as the parameters of the Langmuir model, n is the same as the parameter of the Freundlich model 
Effects of single factors on arsenite adsorption by LPs
Effect of adsorbent dose
The LP doses for this study were varied from 1.0 to 20.0 g. The results are shown in Figure 1 . The removal rate increases from 24.0% to 97.74% as the adsorbent dose increases from 1.0 to 10.0 g/L. However, no obvious increase in the removal rate of As(III) is observed for further LP additions from 10.0 to 20.0 g/L. Initially, the removal rate of As(III) increases with the increasing adsorbent dose. The increased amount of LPs would provide a greater surface area (4.41 m 2 /g) and more available adsorption sites for As(III) binding. However, no further increases in the As(III) adsorption efficiency are detected with increasing adsorbent doses. In this case, the higher adsorbent dose may lead to adsorbent aggregation, resulting in a decrease of its total surface area. Similar results were also described in another report of As adsorption by Leucaena leucocephala seed powder (Raj et al. ) . Thus, a dose of 10.0 g/L was selected as the optimum adsorbent dose for arsenite anion adsorption in this work.
Effect of contact time
The effect of contact time on As(III) adsorption by the LPs was evaluated at pH 6.0, a shaking speed of 220 rpm, and temperature of 25 W C. The contact times varied from 5 to 180 min (Figure 2 ). It is evident from Figure 2 that the As(III) removal efficiency increases from 88% to 93% as the contact time increases from 10 to 60 min, with no obvious further increases in the removal rate at times beyond 60 min. Similar results were reported in the Shafique et al. () study of As adsorption by pine leaves. Thus, it is deduced that adsorption equilibrium can be achieved within 60 min.
Effect of solution pH
The adsorption of arsenite anions on the LPs was studied in the pH range 2-11 (Figure 3) . The removal rate increases as the pH increases from 2 to 5, and then it decreases slightly with a further pH increase from 6 to 7. However, the removal rate plunges at pH levels between 7 and 11. In this case, the trivalent arsenic species may exist mainly in the un-ionized form (H 3 AsO 3 ) in the pH range 2-7, and in anionic forms ([H 2 AsO 3 ] À1 or [HAsO 3 ] À2 ) at pH 7-10 (Ghimire et al. ). The adsorbent is positively charged at lower pH (2-7) because of the protonation of its amino groups. Therefore, the positively charged amino groups might interact with the negatively charged arsenite species to increase their removal. Similar results were reported in Budinova's study of As removal by biomass waste-derived activated carbon (Budinova et al. ) . Therefore, the optimum pH for the removal of arsenite anions was selected as 5 for further studies.
Effect of initial arsenite anion concentration
The effect of the initial arsenite anion concentration on adsorption was investigated in the concentration ranges 0.01-1.0 and 5-100 mg/L (Figure 4 ). For the lower concentration range, the removal rate sharply increases as the arsenite anion concentration rises from 0.01 to 0.1 mg/L, and stays at ∼97% at concentrations greater than 0.1 mg/L. A similar trend is also found for the removal rate at higher concentrations (5-100 mg/L). This can be explained by the fact that, at higher concentrations, the concentration gradient is larger near the surface of the adsorbent, resulting in a stronger driving force for adsorption; thus, the removal rate is higher. Similar results have been described in another report on As adsorption by L. leucocephala seed powder (Raj et al. ) . For further studies, an arsenite anion concentration of 1.0 mg/L was chosen as an optimum concentration. From the foregoing experiments, the optimum conditions for As(III) adsorption by the LPs occurred at a contact time of 60 min, adsorbent dose of 10 g/L, solution pH of 5.0, and initial As(III) concentration of 1 mg/L. Under these conditions, the adsorption capacity of the LPs was 0.0976 mg/g. This value is higher than those of other adsorbents, as shown in Table 3 .
Box-Behnken experimental optimization design and result analysis
Box-Behnken experimental optimization design
The Box-Behnken experimental design and the results for the adsorption of arsenite anions by the LPs are shown in Table 4 .
The experimental results in Table 4 were subjected to variance analysis with Design-Expert software (Stat-Ease, Inc.); the results are shown in Table 5 . Multiple regression fitting of the experimental data afforded the quadratic regression model equation for the removal rate with dose, time, and pH (Equation (7)):
As can be observed in Table 5 , the effects of the independent variables X 1 , X 3 , X 1 X 3 , and X 1 2 are significant (p < 0.05). That is, the adsorbent dosage and pH, the interaction of the adsorbent dosage and pH, and the squared effect of the adsorbent dosage play key roles in the arsenic adsorption by the LPs, whereas the other factors do not exert significant effects. The model determination coefficient R 2 is 0.9764, which indicates that it can explain the variability of 97.64% of the experimental data. Thus, the optimal conditions were obtained by the BoxBehnken experimental optimization design. The maximum removal could reach as high as 99.3% under the optimal conditions (adsorbent dosage, 15.02 g/L; contact time, 90 min; pH, 4.61).
Result analysis by RSM
According to foregoing results, the interaction of the adsorbent dosage and pH is significant for As(III) adsorption by the LPs, and the corresponding 3D response surface map of the removal rate for these two parameters is shown in Figure 5 . When the pH is held constant, the removal rate of As(III) increases with an increase in the adsorbent dose. This may be attributed to the increasing number of adsorption sites as the adsorbent dose increases. Correspondingly, when the adsorbent dose is held constant, the As(III) removal rate also increases with increasing pH in the range of pH 3-7. In this case, the adsorbent is positively charged when at the lower pH (3-7) due to the protonation of the amino acid groups. Therefore, the positively charged amino acid groups might electrostatically interact with the negatively charged arsenite species to increase the removal of As(III). With excessive adsorbent doses, aggregation effects are observed, which subsequently reduce the effective surface area and activity level of the adsorbent, such that the As(III) removal rate does not increase further. Similar results have been described in other reports, such as for the removal of aqueous As by adsorption onto waste rice husks (Amin et al. ) , and for biomass waste-derived activated carbon in the removal of As and Mn ions from aqueous solutions (Budinova et al. ) . Therefore, increasing the adsorption dose appropriately and maintaining an acidic pH can produce high arsenite removal rates. 
Adsorption isotherm study
To examine the mechanism of As(III) adsorption by the LPs, the adsorption isotherms were investigated and fitted by the Langmuir, Freundlich, Redlich-Peterson, and Koble-Corrigan isotherm models (Ho et al. ) . The models and their corresponding parameters, obtained by the nonlinear method, are shown in Table 6 . As is evident from Table 6 , arsenite anion adsorption conforms to the Langmuir and Redlich-Peterson isotherms, with their higher correlation coefficients. The Langmuir model is based on monolayer surface adsorption with a uniform adsorption energy (Agrafioti et al. ) . The maximum adsorption capacity q m increases with increasing temperature, indicating that the adsorption on the LPs occurs more easily at higher temperature. The adsorption coefficient K L is used to calculate the separation factor, R L :
Values of R L that are more than 1 indicate an unfavorable process, and those equal to 1 signify linear adsorption. R L values between 0 and 1 indicate favorable adsorption, and R L ¼ 0 implies irreversible adsorption. In the present study, the R L range of 0.0017-0.9492 suggests that the adsorption process is favorable. The Redlich-Peterson isotherm model has three parameters (Ho et al. ) . The parameter β implies the heterogeneity of the adsorption: β ≈ 1 indicates that the adsorption is similar to the Langmuir model, whereas β ≈ 0 indicates greater similarity to the Freundlich model. In this study, the values of β at different temperatures are all ≈1, which means that the adsorption process is uniform.
The Koble-Corrigan model combines the Langmuir and Freundlich isotherms, and also has three parameters (Zhang et al. ) . If the parameter n ≈ 1, the model is similar to the Langmuir model, whereas for n ¼ 0-1, the model is similar to both the Langmuir and the Freundlich models. In this study, the n values were all near 1 for the different temperatures, and the correlation coefficients all exceeded 0.999, suggesting that the Koble-Corrigan model can be used to describe the adsorption process. These adsorption isotherms indicate that the adsorption process is monolayer and homogeneous.
Adsorption kinetics study
To examine the mechanism of arsenite anion adsorption on the LPs, pseudo-first-and pseudo-second-order kinetic models were studied as a function of time at 293.15 K. The Lagergren pseudo-first-order equation is based on solid capacity, and the pseudo-second-order equation is based on solid-phase sorption (Ho & McKay ; Aksu ) . The adsorption constants shown in Table 7 were calculated using the pseudo-first-and pseudo-second-order Equations (3) and (4).
The correlation coefficients for the pseudo-first-order (0.943) and pseudo-second-order equations (Equation (1)) are both high, and the maximum adsorption capacities (q e ) are 0.0022 and 0.10 mg/g (n ¼ 3, standard deviation ¼ 0.000154 mg/g) respectively. The experimental value is 0.0976 mg/g, which is close to 0.10 mg/g. Thus, the kinetics of arsenite adsorption on the LPs appears to follow a pseudo-second-order mechanism, with chemisorption as the possible rate-limiting step (Ho & McKay ) .
Adsorption thermodynamics study
Thermodynamics was used to study the equilibrium properties of the system and establish the equilibrium relationship with respect to energy. The thermodynamic parameters obtained according to Equations (5) and (6) are shown in Table 8 .
The adsorption of As(III) by the LPs was well fitted to the Van 't Hoff equation at different temperatures. As shown in Table 8 , the ΔG values are all negative, implying that the adsorption process is spontaneous. Similar results have been obtained for the adsorption of As(III) on activated alumina (Singh & Pant ) . Moreover, the absolute values of the Gibbs free energy increase with increasing temperature, indicating that the adsorption process occurs more easily at high temperature. Additionally, the positive ΔH values suggest an endothermic adsorption process. Finally, the positive entropy change values, ΔS, indicate the increasing randomness in the system during the adsorption process. In conclusion, the adsorption of As(III) by the LPs was spontaneous and endothermic, and randomness was increased on the solid-liquid interface in the adsorption process. 
CONCLUSIONS
To securely dispose of As(III) by its adsorption followed by encapsulation of the exhausted adsorbents through solidification/stabilization, LP wastes were chosen as low cost and easily available adsorbents in this study. The optimum conditions for As(III) adsorption by the LPs were established as a contact time of 60 min, an adsorbent dose of 10.0 g/L, pH of 5.0, and an initial As(III) concentration of 1.0 mg/L. The interaction of the adsorbent dose and pH was significant by the Box-Behnken design with three variables (adsorbent dose, contact time, and solution pH) at three different levels. The adsorption of As(III) by the LPs conformed to the Langmuir, Redlich-Peterson, and KobleCorrigan isotherm models, revealing that the adsorption was monolayer and homogeneous. The kinetics of As(III) adsorption by the LPs could be characterized by a pseudosecond-order mechanism, which revealed that the rate-limiting step might be chemisorption. Additionally, the thermodynamic studies indicated that the adsorption of As(III) by the LPs was spontaneous and endothermic, and disorder on the solid-liquid interface increased during the process. The results of this study demonstrate that LP wastes can serve as effective adsorbents for As(III) treatment.
